Insulin resistance is a major aspect of type 2 diabetes (T2D), which results from impaired insulin signaling in target cells. Signaling to regulate forkhead box protein O1 (FOXO1) may be the most important mechanism for insulin to control transcription. Despite this, little is known about how insulin regulates FOXO1 and how FOXO1 may contribute to insulin resistance in adipocytes, which are the most critical cell type in the development of insulin resistance. We report a detailed mechanistic analysis of insulin control of FOXO1 in human adipocytes obtained from non-diabetic subjects and from patients with T2D. We show that FOXO1 is mainly phosphorylated through mTORC2-mediated phosphorylation of protein kinase B at Ser 473 and that this mechanism is unperturbed in T2D. We also demonstrate a cross-talk from the MAPK branch of insulin signaling to stimulate phosphorylation of FOXO1. The cellular abundance and consequently activity of FOXO1 are halved in T2D. Interestingly, inhibition of mTORC1 with rapamycin reduces the abundance of FOXO1 to the levels in T2D. This suggests that the reduction of the concentration of FOXO1 is a consequence of attenuation of mTORC1, which defines much of the diabetic state in human adipocytes. We integrate insulin control of FOXO1 in a network-wide mathematical model of insulin signaling dynamics based on compatible data from human adipocytes. The diabetic state is network-wide explained by attenuation of an mTORC1-to-insulin receptor substrate-1 (IRS1) feedback and reduced abundances of insulin receptor, GLUT4, AS160, ribosomal protein S6, and FOXO1. The model demonstrates that attenuation of the mTORC1-to-IRS1 feedback is a major mechanism of insulin resistance in the diabetic state.
Insulin has a crucial function to maintain energy homeostasis at the whole-body level and at the cellular level in a variable environment of nutrient supply. Failure to sustain this function is at the center of diabetes. Type 2 diabetes (T2D) 2 is characterized by failure to properly respond to insulin in target cells (insulin resistance) and by impaired production of the hormone. Because of the central role of insulin in energy homeostasis, effects of insulin are pleiotropic, affecting almost every aspect of cellular metabolism, which is reflected in a highly branched signaling network in target cells of the hormone. T2D is also closely related to obesity (1) , and the insulin resistance first develops in the adipocytes of an expanding adipose tissue. Failure to store fat in the adipose tissue then leads to ectopic fat deposition in other organs, such as liver and muscle, which is believed to spread the insulin resistance to those organs (2) . Eventually the insulin-producing ␤-cells often fail to compensate for the insulin resistance, and T2D can be diagnosed. It is therefore of primary importance to understand the disease mechanisms in human adipocytes to be able to treat the disease at an early stage before other organs are affected.
Forkhead box protein O1 (FOXO1) may be the most important mediator of the control of transcription by insulin. FOXO1 is particularly important in regulating the levels of key ratecontrolling enzymes in cellular metabolism (for reviews, see Refs. [3] [4] [5] . FOXO1 has also been reported to control insulin receptor (IR) transcription (6) and is likely involved in transcriptional control of other signaling mediators of insulin. The perturbation of such transcriptional feedbacks may be involved in establishment of the long term effects of insulin resistance. In particular, FOXO1 suppresses expression and activity of both peroxisome proliferator-activated receptor-␥ and CCAAT/enhancer binding protein-␣ and could thereby inhibit adipogenesis in mice (7) . FOXO1 thus affects the number and size of adipocytes (8 -10) , which appear to be critical to the diabetic state (11) (12) (13) (14) (15) .
FOXO1 is part of a subfamily that has four highly homologous members, FOXO1, FOXO3, FOXO4, and FOXO6. FOXO1, FOXO3, and FOXO4 are similarly regulated (for a review, see Ref. 16 ). Genetically manipulated mouse models indicate that FOXO1, FOXO3, and FOXO4 are redundant in * This work was supported by a 3-year program at the Swedish Diabetes many aspects, although FOXO-specific knock-out mice display specific developmental abnormalities. FOXO1 is the most abundant of the FOXOs in metabolically important tissues, such as in adipose tissue, liver, skeletal muscle, skeleton, ␤-cells, and hypothalamus. FOXO1 is potentially subject to regulation through control of its expression, different post-translational modifications, binding to chaperone proteins, and degradation. A fundamental control mechanism exerted by insulin is the reversible phosphorylation of three phosphorylation sites, Thr 24 , Ser 256 , and Ser 319 (human sequence). Phosphorylation at these sites by protein kinase B (PKB) inhibits transcriptional control by FOXO1 by inducing the rapid exclusion of the protein from the nucleus (for reviews, see Refs. [17] [18] [19] . FOXO1 is also subject to acetylation, methylation, and ubiquitination. Reversible acetylation of FOXO1 modulates its activity, although whether acetylation results in enhanced or reduced transcriptional activity may depend on the target gene (20 -22) .
There are, however, two fundamental hurdles that have prevented us from understanding the role of FOXO1 in the development of insulin resistance and T2D. First, the function of FOXO1 in human adipocytes has been underinvestigated, and little is known about how FOXO1 contributes to the diabetic state. Second, nothing is known about the function of FOXO1 on a systems level, which is where it is connected with the mechanisms of insulin resistance.
To understand the role of FOXO1 at the systems level, it is necessary to collect internally consistent experimental data for insulin signaling to control FOXO1 as well as of the different branches of the insulin-signaling network. Together with specific perturbations of the signaling and mathematical modeling, such data can provide a systems level understanding of insulin signaling. When further combined with compatible data from cells of patients with T2D, the systems analysis can also pinpoint mechanisms of insulin resistance in diabetes. We have previously developed a mathematical model of insulin signaling based on internally consistent dynamic data obtained from isolated human adipocytes that describes insulin signaling control of glucose uptake, protein synthesis, and autophagy and transcriptional control via MAPK-Elk1, normally and in diabetes (23) (24) (25) (26) . Importantly, the model has established a single mechanism that can explain the insulin resistance throughout the examined branches of the signaling network. This model forms a basis for an expandable mathematical model of the dynamics of the insulin-signaling network. However, the model has lacked the FOXO1 branch of insulin signaling.
Herein we report an in-depth analysis of insulin control of FOXO1 in mature human adipocytes, normally and in T2D, and integrate this control into a systems-wide comprehensive mathematical model of insulin signaling. In particular, our analysis demonstrates the mechanistic origin and spreading of insulin resistance of T2D throughout the signaling network and the role of FOXO1 in this condition.
Results

Abundance and Phosphorylation of FOXO1 in Response to
Insulin, Normally and in T2D-To understand the role of FOXO1 in human adipocytes, normally and in T2D, we first examined the abundance and phosphorylation of FOXO1. The abundance of FOXO1 protein in adipocytes from patients with T2D was reduced to 55% of the concentration in cells from non-diabetic subjects (Fig. 1B and Table 1 ).
The time course for phosphorylation of FOXO1 at Ser 256 3 in response to insulin (10 nM) stimulation of non-diabetic control cells revealed a rapid (t1 ⁄ 2 ϭ ϳ5 min) phosphorylation in response to the hormone ( Fig. 2A, blue) . In Table 1 , this number can be compared with the corresponding numbers for the other examined signal mediators. The response time was similar in cells from patients with T2D ( Fig. 2A, red) , but the level of phosphorylation was lower due to the reduced abundance of FOXO1. When corrected for the amount of FOXO1, the phosphorylation was similar in cells from patients with T2D and in normal non-diabetic cells (Fig. 2B, red dashed line) . However, the total abundance of non-phosphorylated (i.e. active) FOXO1 is reduced in T2D.
The response to different concentrations of insulin demonstrated an EC 50 for phosphorylation of FOXO1-Ser 256 at about 0.02 nM insulin ( Fig. 2C and Table 1 ). There was no difference in EC 50 for insulin in adipocytes from patients with T2D compared with cells from non-diabetic subjects (Fig. 2C ). It can be noted that the abundance of FOXO1 was not affected by its phosphorylation in response to insulin over 60 min ( Fig. 2A) or in response to different concentrations of insulin (Fig. 2C) .
Taken together, these findings demonstrate that the ability of insulin to control FOXO1 is not affected in the diabetic state. This can readily be explained by the dependence of FOXO1 phosphorylation on phosphorylation of PKB at Ser 473 as shown next. However, due to the reduced abundance, the cellular functions of FOXO1 are likely affected in diabetes.
FOXO1 Is Downstream of PKB Phosphorylated at Ser 473 -The phosphorylation of FOXO1 by PKB in response to insulin has been found to depend on phosphorylation of PKB at Ser 473 , which is catalyzed by mammalian/mechanistic target of rapamycin (mTOR) in complex with rictor (mTORC2) (Fig. 3) , and to be largely independent of phosphorylation of PKB at Thr 308 , which is catalyzed by phosphoinositide-dependent protein kinase-1 downstream of insulin receptor substrate-1 (IRS1) (Fig. 3) . We wanted to examine whether this concept operates in human adipocytes. We have previously shown that the phosphorylation of PKB at Ser 473 in response to insulin is not affected by rapamycin (25) , which is a specific inhibitor of mTOR in complex with raptor (mTORC1) without much acute effect on mTORC2. Rapamycin also had no effect on the phosphorylation of FOXO1 in response to insulin (Fig. 4A) , whereas torin-1, which inhibits both mTORC1 and mTORC2, inhibited the insulin-stimulated phosphorylation of both PKB-Ser 473 ( Fig. 4B) and FOXO1 (Fig. 4C) . Hence, the situation in human adipocytes is compatible with FOXO1 being exclusively under the control of PKB phosphorylation at Ser 473 as is the case in other cell types (27) (28) (29) . Note that neither treatment with rapamycin nor with torin-1 affected the abundance of FOXO1 in the cells (Fig. 4E) .
Acetylation of FOXO1, Normally and in T2D-We next examined the state of acetylation of FOXO1 because acetyla- [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] ). The non-diabetic control subjects had a mean fasting plasma concentration of glucose of 6.4 mM (range, 5.3-8.0) and a mean concentration of insulin of 54 pM (range, 6 -142). tion at lysines has been found to modulate the activity of FOXO1 in mice (20 -22) . We examined acetylation of FOXO1 at Lys 262,265,274 (human sequence). The acetylation appeared to be slightly reduced in adipocytes from patients with T2D compared with cells from non-diabetic subjects (Fig. 5) . However, the extent of acetylation varied a lot between individuals, and the reduction was not statistically significant. This indicates that T2D does not involve any major changes in the acetylation of FOXO1 at Lys 262,265,274 , which is compatible with the intact response to insulin in the diabetic state. Likewise, changes in the state of methylation of FOXO1 probably do not contribute to the diabetic state as methylation of FOXO1 at Arg 251 and Arg 253 in the PKB recognition motif for phosphorylation of FOXO1 has been shown to inhibit subsequent phosphorylation at Ser 256 (30) . Abundance of Signaling Proteins-We have reported earlier that the abundances of the IR (23, 31) and the insulin-regulated glucose transporter (GLUT4) (25) are reduced in human adipocytes in T2D, whereas the abundances of IRS1 (23, 31) , p70 ribosomal S6 kinase (S6K) (24) , extracellular signal-regulated kinases 1/2 (ERK1/2) (26), and Elk1 (26) are the same in cells from non-diabetic subjects and from patients with T2D (Table  1) . We now wanted to examine whether any other key signaling protein in the insulin-signaling network is affected in the diabetic state. The abundances of ribosomal protein S6 (S6) and AS160 in cells from patients with T2D were reduced to about 45% of the levels in non-diabetic cells (Fig. 1, C and D) . The abundances of mTOR and PKB were not significantly different in the diabetic cells ( Fig. 1 , E and F, and Table 1) .
Abundance of rRNA-The reduced abundance of the ribosomal protein S6 (Fig. 1C) indicated that ribosome biogenesis might be affected in T2D. We therefore examined the abundance of the 18S ribosomal RNA that is part of the same 40S ribosomal subunit as the S6 protein. Indeed, the abundance of the 18S rRNA was also reduced in cells from patients with T2D compared with cells from non-diabetic controls (Fig. 6 ). As mTORC1 has been implicated in the control of biosynthesis of rRNA (32, 33) , our findings suggest that mTORC1 controls not only the efficiency of protein synthesis but also the translational capacity in human adipocytes. And, interestingly, both translational efficiency (reduced phosphorylation of S6 (25)) and capacity (reduced abundance of ribosomes) are impaired in the diabetic state as a result of the attenuated mTORC1. 
Long Term Effects of mTORC1 Inhibition on Abundance of
Signaling Proteins-Because attenuation of mTORC1 signaling is a fundamental mechanism of insulin resistance in human adipocytes (23) (24) (25) (26) , we examined the effect of inhibiting mTORC1 with rapamycin for 48 h on the abundance of the insulin-signaling mediators that are reduced in the diabetic state. Interestingly, inhibition of mTORC1 activity in non-diabetic cells reduced the abundance of FOXO1 (Fig. 7A) to about the same level as in cells from patients with T2D (Fig. 1B) . In contrast, 48-h inhibition of mTORC1 had no effects on the abundance of IR, S6, AS160, or GLUT4 (Fig. 7, B-E) . It is nevertheless possible that e.g. the level of IR is reduced secondarily to the reduction of FOXO1 (6) in response to prolonged inhibition of mTORC1. We could not examine this possibility because the primary adipocytes do not fare well during such prolonged incubations. It is known that prolonged incubation with rapamycin in some cell types can also inhibit mTORC2 (34) . This was, however, not the case in the human adipocytes as the effect of insulin on phosphorylation of PKB at Ser 473 was not inhibited (Fig. 7F) .
Cross-talk with the MAPK Branch of the Insulin-signaling Network-Signaling networks are characterized by cross-talk between signaling branches, and we therefore examined whether the MAPK branch could affect the phosphorylation of FOXO1. Inhibition of mitogen-activated protein kinase/extracellular signal-regulated kinase kinases 1/2 (MEK1/2)-catalyzed phosphorylation/activation of ERK1/2 by the specific inhibitor PD184352 inhibited the insulin-stimulated phosphorylation of FOXO1 at Ser 256 by 35% (Fig. 4D ) without affecting the abundance of FOXO1 (Fig. 4E ). This demonstrates the existence of a significant cross-talk between the MAPK branch and the mTORC2-PKB branch of insulin signaling in the control of FOXO1 phosphorylation in human adipocytes.
A Comprehensive Mathematical Model of the Insulin-signaling Network-To perform a systems analysis of our data on the insulin-signaling network, we integrated insulin signaling with control of FOXO1 in a comprehensive dynamic mathematical model of the insulin-signaling network as outlined in Fig. 3 and detailed in Fig. 8 . The model structure includes our finding that FOXO1 is downstream of PKB-Ser(P) 473 with limited contribution from PKB-Thr 308 . The model structure also includes the new cross-talk from the mitogen-activated protein kinase branch to phosphorylation of FOXO1 (Fig. 8) .
Simulation with the model demonstrates a good fit with the experimental data for the non-diabetic controls throughout the network (Fig. 9 , blue simulation lines and data points, respectively). It should be noted that, although knowledge of the effects of mTOR inhibitors was used to outline the model structure, the actual data were not used to optimize the model parameters.
To model the diabetic state, we introduced the differences (diabetes parameters) that we have identified in the signaling network in adipocytes from diabetics. First, the reduced abundances of FOXO1, AS160, and S6 (Fig. 1, B-D) and the earlier reported reduced abundances of insulin receptor (23, 31) and GLUT4 (25) were introduced. The abundances of mTOR (Fig.  1E) , PKB (Fig. 1F) , IRS1 (23, 31) , S6K (24), ERK1/2 (26), and Elk1 (26) , however, are the same in cells from non-diabetic subjects and from patients with T2D. Second, we introduced the attenuation of the feedback from mTORC1 to phosphorylation of IRS1 at Ser 307 (23) (24) (25) . The values of these diabetes parameters are shown in Fig. 8 , and when applied, the model faithfully describes the experimental data obtained in cells from patients with T2D (Fig. 9 , red simulation lines and data points, respectively). It can be noted, however, that the model does not repli- Insulin Control of FOXO1 in Diabetes JULY 22, 2016 • VOLUME 291 • NUMBER 30 cate the experimentally observed small increase in the phosphorylation of PKB at Ser 473 in the diabetic state (Fig. 9 ). This is an interesting discrepancy that indicates that the model structure lacks feedback and/or cross-talk from other branches of the network, e.g. from mTORC1-S6K to Rictor of the mTORC2 complex (35) (36) (37) . However, the effect is small and does not affect the downstream phosphorylation of FOXO1 (Fig. 2) .
Contribution of the Different Diabetes Parameters to the Diabetic State-We next utilized the comprehensive model to examine the impact on insulin signaling by the different diabetes parameters individually. The reduced abundance of the insulin receptor has local effects on its autophosphorylation in response to insulin but also on signaling via AS160 and through the MAPK branch to control Elk1 (Fig. 10) , which is directly downstream of the insulin receptor as well as downstream of IRS1 (26) (Figs. 3 and 8) . The reduced abundances of GLUT4, AS160, and S6, as expected, have only local effects in the insulin-signaling network (Fig. 10) . It remains to be determined what the long term cellular effects of the reduced amount of FOXO1 are and how those may affect the signaling network. Importantly, the reduced mTORC1-to-IRS1 feedback determines the reduced steady-state responses and sensitivity to insulin (EC 50 ) in diabetes throughout the network (except for signaling to FOXO1, which is unperturbed in T2D for reasons discussed above) (Fig. 10) .
Experimental Tests of the Model-We have herein and previously described how the feedback from mTORC1 to phosphorylation of IRS1 at Ser 307 is attenuated in T2D (23) (24) (25) . Simulation of the comprehensive model of the insulin-signaling network with inhibition of mTORC1 and thus inhibition of the crucial mTORC1-to-IRS1 feedback has been experimentally verified (using rapamycin to inhibit mTORC1) for insulin signaling control of glucose transport (38) , protein synthesis (25), autophagy (24) , and MAPK-mediated regulation of the transcription factor Elk1 (26) . Model simulations for inhibition of mTORC1 indicated no inhibition of the phosphorylation of FOXO1 in response to insulin (Fig. 11) . Accordingly, the phosphorylation of FOXO1 in response to insulin was not affected when we experimentally inhibited mTORC1 with rapamycin in human adipocytes (Fig. 4A) . In contrast, model simulations for inhibition of both mTORC1 and mTORC2 indicated inhibition of the phosphorylation of both PKB-Ser 473 and FOXO1 (Fig.  11) , which was experimentally verified using the inhibitor torin-1 (Fig. 4, B and C) . It is also important that inhibition of the phosphorylation and activation of ERK1/2 in the model (Fig. 11) simulates the experimental effects on the phosphorylation of FOXO1 in response to insulin using the inhibitor PD184352 to inhibit MEK-ERK1/2 (Fig. 4D) . The simulations of the model with inhibition of mTOR required no refitting of parameters in the model.
Discussion
Herein we have delineated the molecular mechanisms of insulin signaling through FOXO1, normally and in T2D, in human adipocytes. We have shown that FOXO1 is phosphorylated/inhibited via the mTORC2-mediated phosphorylation of PKB at Ser 473 , a mechanism that is unperturbed in T2D. However, a substantial reduction of the abundance of FOXO1 in T2D may contribute to the diabetic state. Interestingly, the reduced abundance of FOXO1 in response to prolonged treatment of adipocytes with rapamycin indicates that insulin via mTORC1 acts to maintain the abundance of FOXO1 in contrast to the acute inhibition of FOXO1 activity via mTORC2. This also suggests that in the pathogenesis of diabetes the reduction of the concentration of FOXO1 is a consequence of the attenuation of mTORC1 and the feedback to IRS1, which defines much of the diabetic state in these cells.
We demonstrate a significant cross-talk from the MAPK branch to control FOXO1 phosphorylation in response to insulin. It is interesting that, in human adipocytes, the MAPK branch exerts control of transcription through both Elk1 (26) and FOXO1 while simultaneously also controlling translation through the ribosomal protein S6 (26) . However, this interrelatedness of signaling branches may just represent the tip of the iceberg as cross-talks and feedbacks likely are highly prevalent in signaling networks (see Ref. 39 ). In an in vitro assay, ERK2 has been found to phosphorylate FOXO1 at seven sites and in cells overexpressing ERK2 and FOXO1 mutants at nine sites, none of which correspond to the Ser 256 in human FOXO1 examined here (40) . This may indicate a species difference or that the MAPK-mediated phosphorylation of FOXO1 at Ser 256 is catalyzed by another protein kinase.
Importantly, with integration of the mTORC2-PKB-FOXO1 branch in our mathematical model of insulin signaling, we demonstrate a state-of-the-art comprehensive model of the insulin-signaling network dynamics that is entirely based on consistently obtained and comparable data from a single cell type, the isolated mature primary adipocyte of humans. The model is based on network-wide sets of steady-state dose-response and dynamic time course data. The model includes the major signal mediators that control glucose uptake, protein synthesis, and autophagy as well as transcriptional control via Elk1 and FOXO1. The model structure includes insulin receptor internalization and experimentally verified negative and positive feedback loops and cross-talks between the signaling branches. Moreover, the model is extensively verified by a wide array of model properties that are experimentally corroborated. As the model is based on data obtained from adipocytes of non-diabetic subjects and in parallel from patients with T2D, the model enables comparison of insulin signal transmission, normally and in the insulin-resistant diabetic state, over the entire network. This allows a unique systems analysis and comparison of insulin signaling, normally and in diabetes. This is particularly important considering that little has been known about how the insulin resistance is manifested at the molecular level and how it spreads throughout the signaling network to affect the different pleiotropic effects of the hormone. Such knowledge is crucial for a rational development of drugs and treatments of insulin resistance and T2D.
Simulations with the comprehensive model faithfully reproduce the human adipocyte data throughout the entire network, both normally and in the diabetic state (albeit see discussion figure. A, abundance of FOXO1 (four subjects). B, abundance of IR (four subjects). C, abundance of S6 (four subjects). D, abundance of AS160 (four subjects). E, abundance of GLUT4 (five subjects). F, phosphorylation (P) of PKB at Ser 473 (four subjects).
above about the increased phosphorylation of PKB at Ser 473 in the diabetic state) (Fig. 9) . The diabetic state is explained network-wide by the experimentally determined attenuation of the mTORC1-to-IRS1 feedback and reduced concentrations of IR, GLUT4, AS160, S6, and FOXO1. The model also allowed us to examine how these differences, which we have identified in the diabetic state, individually affect the insulin-signaling network. Importantly, the attenuation of the positive feedback from mTORC1 to phosphorylation of IRS1 at Ser 307 explains most of the insulin resistance throughout the network in the diabetic state. Interestingly, the attenuation of this feedback appears to also explain the reduced abundance of FOXO1, which provides for a lower activity of FOXO1 in the diabetic state. Not much is known about the control of FOXO1 abundance. It has been described that phosphorylated FOXO1 is subject to ubiquitination and subsequent proteasomal degradation (41) . Our finding that long term inhibition of mTORC1 with rapamycin reduces the abundance of FOXO1 without affecting the state of phosphorylation of PKB at Ser 473 indicates that this mechanism is not operating in this case. Hence, other mechanisms may also control the level of FOXO1 in human adipocytes.
Our model of the insulin-signaling network is neither final nor does it include all known intermediaries and interactions. Nevertheless The model presently does not deal with long term effects of insulin, and we have not yet examined the potentially interesting consequences of the reduced FOXO1 abundance, but it may explain the reduced abundance of the insulin receptor (6) . It is interesting, however, that the phosphorylation of FOXO1 also in skeletal muscle is similar in lean non-diabetic and obese diabetic individuals before as well as during infusion of insulin (42) . Moreover, dysregulation of target gene expression in the diabetic muscle is compatible with a reduced abundance of FOXO1 also in muscle (42) . In contrast, it has been reported that expression of FOXO1 is increased in omental adipose tissue in gestational diabetes (43) , which may reflect the specific etiology of gestational diabetes or the examination of the adipose tissue where adipocytes constitute just a fraction of the cells.
Our findings indicate a separate control for the phosphorylation of PKB at the two sites Thr 308 and Ser 473 and that these sites in turn separately control enzyme activity, substrate specificity, and downstream signaling in human adipocytes. This split control of PKB can explain that insulin control of the phosphorylation of FOXO1 remains unperturbed in T2D because insulin controls the phosphorylation of FOXO1 via mTORC2-catalyzed phosphorylation of PKB at Ser 473 , which is not attenuated in T2D (25) . Indeed, in accordance with model predictions, inhibition of the feedback from mTORC1 to phosphorylation of IRS1 by rapamycin blocks the phosphorylation of . To simulate the model in the diabetic state, the diabetes parameters (shown in "red") were used. The main diabetes parameter (15% feedback) is fitted to data. All other diabetes parameters are based on measurements of protein levels herein (Fig. 1, B-D) , 55% IR (31), and 50% GLUT4 (25) . Heavy arrows represent transitions between states of the same protein, and arrows represent activation/deactivation of proteins. Model equations are described in detail in the supplemental material. P after a residue number indicates phosphorylation.
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389 (26) without reducing the phosphorylation of PKB at Ser 473 (25) or its direct downstream target FOXO1 at Ser 256 (Fig. 4A) . In this context, it is interesting that control of glucose transport in rat adipocytes has been found to be independent of phosphorylation at Ser 473 (44) . Our findings, moreover, are consistent with earlier findings that insulin resistance due to chronic hyperinsulinemia inhibits GLUT4 translocation in 3T3-L1 adipocytes in response to insulin without affecting the nuclear exclusion of FOXO1 (45) .
A problem facing every researcher examining cells ex vivo, be it from animals or human beings, is that we cannot be sure that the excised cells behave as in vivo, although we use identically treated cells as controls. This is not easily resolved as there is no direct way to examine molecular events in a specific cell type in vivo. We have, however, tried to ascertain this as much as possible for the isolated human adipocytes along two lines of investigation. First, we have compared isolated cells with tissue fragments, and we have also subjected isolated cells to a second round of cell isolation procedures without detecting any changes in the response to insulin (46) . Moreover, comparison of tissue excision during general anesthesia with excision during local anesthesia did not reveal any differences (46) . Second, we have inserted our insulin signaling model for control of glucose uptake as an adipose tissue module in a dynamic whole- body model of glucose homeostasis during intake of a meal. This revealed that both in normal healthy individuals (47) and in patients with type 2 diabetes (25) our model of insulin signaling, normally and in diabetes, respectively, could explain the function of the adipose tissue in maintaining glucose homeostasis during the meal. This is possibly the most rigorous test of the in vivo relevance of any ex vivo system. However, this approach is not applicable for FOXO1 as we have no way of measuring the phosphorylation or abundance of FOXO1 in situ.
The herein presented experimental data and state-of-the-art comprehensive dynamic model of the insulin-signaling network demonstrate that the insulin-resistant state of diabetes is explained systems-wide by an attenuated positive feedback from mTORC1 to IRS1 in conjunction with localized effects in the signaling network caused by the reduced abundance of defined signal-mediating proteins. In contrast to descriptions based solely on bioinformatics analyses of the signaling network, our dynamic model is "alive" and can therefore be asked questions, such as "what happens when a particular signal mediator is augmented or attenuated?". The model thus provides a unique tool to examine insulin signaling and the network-wide effects of drug candidates with applications in diabetes research as well as in many forms of cancer in which the same signaling branches feature prominently. With this new type of understanding of the human disease now available, it is no longer tenable to define mechanisms of insulin resistance based on animal models of obesity/insulin resistance. Further understanding of the etiology of this disease in humans should benefit from the unique insights gained from our data and model.
Experimental Procedures
Subjects-Informed consent was obtained from all participants. The procedures were approved by the Regional Ethical Board, Linköping University, and were performed in accordance with the World Medical Association Declaration of Helsinki. Female subjects who were undergoing elective gynecological abdominal surgery under general anesthesia at the Department of Obstetrics and Gynecology at the University Hospital in Linköping were recruited consecutively. A slice of subcutaneous tissue from skin to muscle fascia was excised.
To ensure inclusion only of patients with T2D related to obesity (diabesity), patients were selected when diagnosed with T2D and as obese/overweight (BMI Ͼ27 kg/m 2 ). In the comparison group, the only selection criterion for non-diabetic subjects was that they were not diagnosed with diabetes and not obese (BMI Ͻ28 kg/m 2 ). Thus, there may be some overweight insulin-resistant subjects in the non-diabetic comparison group (patient data are given in the respective figure legend). This approach allows for examination of the common obesityrelated T2D and for a wide significance of the results. The subjects were all female, and findings may therefore not automatically be applied to male subjects (48) . However, we have previously compared insulin signaling in adipocytes from female and male subjects, normally and in diabetes, and found no significant differences (46) .
Materials-Monoclonal mouse anti-␤-tubulin antibody was from Sigma-Aldrich (T5201). Anti-FOXO1-Ser(P) 256 (catalog number 9461), anti-FOXO1 (catalog number 2880), anti-PKBSer(P) 473 (catalog number 9271), anti-PKB (catalog number 9272), anti-mTOR (catalog number 2972), and anti-ribosomal protein S6 (catalog number 2217) antibodies were from Cell Signaling Technology. Anti-FOXO1-Lys 259,262,271 (sc-49437) and anti-insulin receptor-␤ (sc-711) antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-AS160 (catalog number 07-741) and anti-GLUT4 (07-1404) antibodies were from Millipore. Rapamycin, PD184352, and other chemicals were from Sigma-Aldrich unless otherwise stated.
Isolation and Incubation of Adipocytes-Adipocytes were isolated from subcutaneous adipose tissue by collagenase (type 1; Worthington) digestion as described (49) . Cells were incubated in a shaking water bath in supplemented Krebs-Ringer solution as described (46). 50 all over the insulin-signaling network. The reduction of IR levels also has slight effects network-wide, whereas all other diabetes parameters reflect peripheral protein levels, the reductions of which only have local effects. A, the contribution to the reduction in the steady-state level of phosphorylation for the diabetes parameters is calculated as the reduction from normal in the insulin-stimulated steady state for a single diabetes parameter (as indicated) divided by the reduction from normal in the diabetes simulation with all diabetes parameters. B, the contribution to the increase in EC 50 for the diabetes parameters is calculated as the increase above normal in EC 50 for a single diabetes parameter (as indicated) divided by the increase above normal in the diabetes simulation with all diabetes parameters.
SDS-PAGE and
Immunoblotting-Cell incubations were terminated by separating cells from medium using centrifugation through dinonylphthalate. To minimize postincubation signaling and protein modifications, cells were immediately dissolved in SDS and ␤-mercaptoethanol with protease and protein phosphatase inhibitors, frozen within 10 s, and later thawed in boiling water for further processing as described (49) . Immunoblotting after SDS-PAGE (46) was evaluated by chemiluminescence imaging (Las 1000, Image-Gauge, Fuji, Tokyo, Japan). After adjusting the concentration of primary and secondary antibodies, the linearity of the chemiluminescence signal to the amount of each specific protein or protein modification was ascertained. ␤-Tubulin was used as a loading control, and all samples were normalized for the amount of ␤-tubulin, which was not affected by incubation with insulin for at least 60 min, or with rapamycin or PD184352 as indicated (not shown). Likewise, the amount of tubulin was not different between cells from nondiabetic and diabetic individuals (Fig. 1A) . The total amount of FOXO1 protein in the adipocytes did not change during incubation with insulin (see "Results"); hence the determined total phosphorylation of FOXO1 represents the extent of its phosphorylation. The extent of phosphorylation of a protein is expressed such that it is dependent on the abundance of the specific protein (i.e. not as the ratio of the extent of phosphorylation and the abundance of the protein in the cells). This is for comparison between signaling normally and in T2D. For comparison of the level of phosphorylation between subjects, a standard mixture of adipocyte proteins was run in duplicate on each gel so that all samples were normalized to the mean intensity of the corresponding phosphorylated protein in the standard mixture. In some cases, we have expressed the extent of phosphorylation relative to the maximal phosphorylation obtained in each individual experiment. The averages of these values are then reported as percentage of maximum. This is particularly important for dose-response experiments to reveal any difference in EC 50 values.
RNA Isolation and Analysis by Real Time PCR-RNA was prepared from isolated adipocytes by TRIzol extraction and solid phase extraction using RNeasy MinElute Cleanup columns (Qiagen, Hilden, Germany). Reagent for real time PCR analysis of 18S rRNA, Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and iQ TM SYBR Green Supermix were from Bio-Rad. GAPDH was used as internal reference to normalize expression levels between samples. First strand cDNA was synthesized from 1.5 g of adipocyte total RNA using an iScript TM Advanced cDNA Synthesis kit for quantitative RT-PCR according to the manufacturer's instructions (Bio-Rad). All real time PCR measurements were performed in triplicates (CFX96 TM Real-Time PCR Detection System, Bio-Rad) with default cycle parameters. Primers were as follows: 18S rRNA: forward, 5Ј-CACATGGCCTCCAAGGAGTAAG-3Ј and reverse, 5Ј-CCA-GCAGTGAGGGTCTCTCT-3Ј; GAPDH: forward, 5Ј-GTCA-GTGGTGGACCTGACCT-3Ј and reverse, 5Ј-CACCACCCT-GTTGCTGTAGC-3Ј.
Mathematical Modeling-We formulated ordinary differential equation models in the Systems Biology Toolbox for Matlab (50, 51) . To reduce the number of parameters, we used mass action kinetics in the rate equations. However, for the newly added activation of FOXO1, saturated Michaelis-Menten kinetics was needed to be able to simulate data. The resulting ordinary differential equations for FOXO1 are shown in (Scheme 1) where k12a1, k12a2, k12b, and km12 are model Fig. 4D were used to estimate model parameters for ERK signaling to phosphorylation of FOXO1; however, the data in Fig. 4 , A-C, were not used in estimation of parameters. a.u., arbitrary units. P after a residue number indicates phosphorylation.
parameters that were estimated using both dose-response and time-resolved data for FOXO1 (Fig. 2, A and C) . The inputs to the FOXO1 model were PKB_S473P ϩ PKB_T308P_S473P, i.e. the PKB states phosphorylated at Ser 473 , and ERK_T202_ Y204P, i.e. double phosphorylated ERK (P after a residue number indicates phosphorylation).
We first simulated a steady state for the model without insulin, and second we simulated the effects of insulin with the obtained steady-state values as initial conditions. The estimation of model parameters was only performed for newly added model parameters, and all previously determined parameter values were kept constant. To evaluate the agreement between simulated outputs of the model and experimental data, commonly referred to as the cost, we used the sum of squares of the residuals weighted by the data variance. The data variance was estimated by the S.E. We used the simannealing SBAO function in Systems Biology Toolbox to search through the parameter space.
The comprehensive mathematical model is described in detail in the provided supplemental file catalog mathematical_modeling. zip. This catalog also contains Matlab scripts to simulate the model and to reproduce the figures herein, including all data.
Statistical Analysis-We analyzed batches of adipocytes, and results thus represent the average behavior of the adipocytes. Similarly, every data point presented is the average of adipocytes from the indicated number of subjects. As such, data are widely applicable and have a broad relevance in the population but cannot be used to predict insulin signaling in individual subjects. All experimental values are mean Ϯ S.E. for the indicated number (n) of different subjects. One-sample or Student's t tests were used with p Ͻ 0.05 considered significant.
